(1) To determine the pattern of respiratory impairment in children with thalassaemia major (TM);
T halassaemia major (TM) is a disorder of abnormal haemoglobin synthesis. This leads to impaired oxygen delivery to the tissues, ineffective erythropoiesis, and iron overload. 1 Management of these patients involves regular blood transfusions which can be complicated by progressive tissue deposition of iron and organ damage.
A variety of pulmonary function abnormalities have been described in TM patients. Of these, restrictive abnormalities are the most frequent, being reported in up to 80% of patients. [2] [3] [4] [5] The precise aetiology of the pulmonary dysfunction remains unknown. Previous postmortem studies have shown the presence of iron in the lungs of TM patients. 6 Filosa and his group 7 showed that TM patients with abnormal pulmonary function had higher serum ferritin levels compared to those with normal pulmonary function. In a study by Factor and colleagues, 3 an inverse correlation between total lung capacity and lifetime estimates of transfusional iron load was established. It was thus proposed that iron overload may play an important part in causing pulmonary abnormalities in these patients. However, such a claim was not supported by a subsequent study by Tai and colleagues 4 ; the method of lifetime estimates of iron overload was also criticised for being inaccurate.
The aims of our study are: (1) to determine the predominant pulmonary function abnormality in paediatric TM patients; and (2) to re-examine the relation between respiratory abnormalities and body iron content. Unlike previous studies, our study assessed body iron content by means of magnetic resonance imaging (MRI) measurements of the liver and serum ferritin.
METHODS

Subjects
Twenty nine patients with homozygous β thalassaemia major participated in the study. They were all managed at a tertiary university haematology centre according to a standard protocol which aimed to maintain a haemoglobin concentration of greater than 95 g/l. Each participant attended our centre for monthly examination and blood transfusion. Serum ferritin level was checked every six months. All patients were receiving chelation therapy with subcutaneous administration of desferrioxamine five to seven times a week. One patient had previously undergone splenectomy. Two patients had been diagnosed with asthma; their symptoms were well controlled. Only one of these was receiving regular prophylactic inhaled steroids. None of the participants were smokers or carriers of hepatitis C. None had a history of congestive heart failure. At the time of this study, all were in a stable condition without limitations in their daily activities. Informed consent was obtained from the parents and patients who underwent physical examination, pulmonary function testing, and MRI. The number of years of blood transfusion received by each subject was also recorded.
Pulmonary function testing
All pulmonary function studies were performed within two days prior to the scheduled transfusion. A pretransfusion haemoglobin was checked. The lung function tests were carried out by the same team of technicians according to the recommended standard. 8 Spirometry was measured by a Sen-sorMedics 2130 spirometer using the Enhanced Spirometry Program. The best of at least three technically acceptable values for forced expiratory volume in one second (FEV 1 ), forced vital capacity (FVC), maximum mid-expiratory flow rate (MMEFR), and flow-volume curves were selected. Functional residual capacity (FRC), residual volume (RV), and total lung capacity (TLC) were measured by body plethysmography (SensorMedics 6200) and expressed in litres corrected for body temperature, atmospheric pressure, and saturation with water vapour. Diffusion capacity of carbon monoxide was measured by single breath technique and the values obtained were corrected for haemoglobin concentration (SensorMedics 6200 Autobox DL, Single Breath Diffusion Capacity DLco SB Program). 9 The pulmonary function results were expressed as percentages of predicted normal values. 10 For the purpose of this study, the threshold of abnormality was identified as under 80% of the predicted value. Restrictive disease was defined as a reduction in TLC to less than 80%; diffusion impairment as a reduction in DL co to less than 80%; and obstructive airway disease as reduced FEV 1 /FVC ratio to less than 80%. The pulmonary deficits were classified as "mild" (>70%), "moderate" (<70% and >60%), "moderately severe" (<60% and >50%), and "severe" (<50%). 11 Magnetic resonance imaging studies MRI was performed in a 1.5 Tesla MR Imager (Gyroscan ACS NT, Philips Medial System, Best, Netherlands) with a body coil. Breath hold axial modified spin echo T1 weighted images were obtained with the following parameters: repetition time 120 ms, echo time 13 ms, 135 degrees flip angle, 15 slices at three slices per breath, slice thickness 10 mm with 10% gap, number of excitations two, field of view 375 mm, matrix 192-256×256.
Signal intensities were measured by a single radiologist with the use of operator defined regions of interest (ROIs). ROIs of more than 100 pixels were chosen in a homogeneous area without blood vessels at the lower part of the right lobe of the liver. The lateral boundary of the ROI was about 1 cm from the liver surface. Liver signal intensity was averaged from three ROIs. The signal intensity of the right paraspinal muscle was measured with a single ROI encompassing more than 30 pixels on the same slice. The ratio of the signal intensities of liver to muscle was obtained. This ratio was inversely related to hepatic iron content.
Statistical analysis
Percentage predicted was calculated for each respiratory impairment. Median and interquantile range were presented for various interval parameters including anthropometric measurements and various pulmonary function parameters. Spearman's rank correlation coefficient was used to assess the association between the median liver/muscle intensity ratio, median serum ferritin level, and the various pulmonary function parameters and anthropometric measurements including age. SPSS for Windows statistical software (Release 10.0, SPSS Inc., Chicago, Illinois) was used in the analyses. The level of significance was set at 5% in all comparisons, and all statistical testings were two sided.
RESULTS
Sixteen boys and 13 girls with a median age of 14.2 years (interquartile range: 10.58 to 16.50) participated in the study. Their median body mass index was 16.3 and none were considered to be obese (<120% ideal body weight for height). None of the subjects had clinical evidence of heart failure detected on physical examination. Table 1 shows the anthropometric and pulmonary function data of the subjects. The median number of years of blood transfusion was 12.3 (interquartile range: 9.5 to 14.5). Median oxygen saturation in room air was 98%. Peak expiratory flow rate was estimated in 25 patients with a median of 260 l/min (interquartile range: 207.5 to 335.0). Sixteen of the 29 patients (55%) had normal lung function, with the remaining showing isolated or combined functional abnormalities. The patient who had splenectomy and the two asthmatic patients had normal pulmonary function. Diffusional impairment was the most frequent abnormality, being observed in 10 patients (34%).
One patient (3.4%) had pure restrictive impairment, and two (6.8%) had pure obstructive impairment. Three patients (10.3%) had a combination of restrictive and diffusional impairment, and two (6.8%) had a combination of obstructive and diffusional impairment (fig 1) . Respiratory abnormalities were detected in a total of 45% of the study subjects, and were all considered to be mild (70-79% of the predicted value). Except for total lung capacity (Spearman's correlation coefficient = −0.469, p = 0.016), there was no correlation detected between age and the other pulmonary function parameters.
The serum ferritin level of each patient was derived by calculating the average measurement over a two year period. The median level was 5827.75 pmol/l (interquartile range: 3919 to 7939). The median liver/muscle intensity ratio was 0.610 (interquartile range: 0.495 to 0.847). There was a negative correlation between the serum ferritin and the liver/muscle intensity ratio (Spearman's correlation coefficient = −0.689, p = 0.000). The liver/muscle intensity ratio was also found to have a negative correlation with age (Spearman's correlation coefficient = −0.426, p = 0.019). However, no correlation was detected between the intensity ratio or serum ferritin with the number of years of blood transfusion or the various pulmonary function parameters (tables 2 and 3).
DISCUSSION
The most common respiratory abnormality observed in our study, affecting 34% of patients with TM, was diffusional impairment. This was in contrast to other published studies which included mainly adult patients, where restrictive abnormalities were the most frequently reported deficit. [2] [3] [4] [5] Iron accumulation from repeated transfusions has been proposed as the likely mechanism causing pulmonary defect in TM patients. Factor and colleagues, 3 in their study of 29 patients (mean age 19.8 years), found an inverse relation between total lung capacity and estimates of transfusional iron burden. They suggested that the degree and duration of iron overload might be important in the pathogenesis of the restrictive ventilatory deficit. In a subsequent study by Tai and colleagues, 4 however, the calculated lifetime iron burden did not correlate with the restrictive impairment in their patients. In these studies, the calculations/estimates of iron overload had not taken into account the amount of iron absorbed through the intestine, which in TM patients may be significant. 12 Another confounding factor was iron chelation therapy, received by most TM patients, which would render such estimation less reliable. A causal relation between pulmonary iron deposition and restrictive abnormalities is not supported by necropsy data on TM patients where iron was found predominantly in bronchial epithelial cells and bronchial glands rather than in the lung parenchyma. 13 Furthermore, no increase in fibrous tissue was shown in the lung, making a restrictive deficit less likely. Diffusional impairment, on the other hand, may be accounted for by a defective alveolocapillary membrane, which was found in a significant number of TM patients in the study by Tai and colleagues. 4 One of the limitations of our study is the cross sectional assessment of lung function at one time point. It would be more informative to follow these patients and assess longitudinal changes of their lung function.
Measurement of hepatic iron content gives the best quantitative estimate of total body iron stores in patients with transfusional siderosis. 14 The gold standard for assessing hepatic iron content is by liver biopsy. However, such a procedure is invasive and not suitable as a routine assessment. MRI has been shown to be a reliable and useful non-invasive tool for quantifying hepatic iron in iron overload states. 15 16 The MRI measurements are based on the ability of stored intracellular iron to become strongly magnetised in a magnetic field. This magnetisation is quantified by the magnetic susceptibility (the ratio of induced over the applied magnetic field); localised regions of increased magnetic susceptibility are recorded to give an accurate estimate of the iron content. 17 Serum ferritin values have been found to have direct correlation to iron deposition in the liver. 18 Serum ferritin is an acute phase protein as well as a product of hepatocellular damage. Thus, infection, congestive heart failure, and hepatitis can lead to a falsely increased measurement. None of our patients had clinical evidence of hepatitis or heart failure. The blood samples was taken on a six monthly basis when the patients were clinically well. In our study, we were able to find a good correlation between the average serum ferritin over a two year peroid and the liver/muscle intensity ratio.
Our data did not support the relation between pulmonary function abnormalities in TM patients and body iron content. It is believed that other potential causative factors also play a part, leading to respiratory dysfunction. It is well known that the increased iron load can promote oxidant tissue injury through the production of free radicals. 19 It has also been postulated that tissue damage is facilitated by certain microorganisms which are iron dependent. Toxicity secondary to desferrioxamine treatment has also been suggested to be involved. 20 It is likely that the cause of respiratory dysfunction in TM patients is multifactorial, but this has yet to be substantiated. 
